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Motivation

= Uranium carbide is used
- as fuel in fast breeder reactors
- as fuel (UC,) in high temperature gas cooled reactors

= Uranium carbide
« Appears as inclusions in uranium metal
« Up to 300 weight ppm, 0.009 volume fraction
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Uranium Carbide Oxidation
« UC(s) + 2H, O(g) — UO,(s) +/E(s) T2H,(g) (1)
UC(s) + 2H, O(g) — UO,(s )+Ct|f£gy (2)

24 h at 20 mbar water vapour pressure (NO
O,) and 20° C. T.B. Scott et al. / Journal of
Hazardous Materials 795 (2011) 116—123

-.| OX|dat|on occurs at the UC/ |

! | UO, interface. Where does |

0,H,0 [ 1C.CO,CO,, CH,go during
/] ! UC oxidation? |
\

e
‘ ~~

+ UG(s) + 20,(9) — UO,(s) #€0,(0) %  (3)
2UC(s) + 30,(g) — 2U02(s)s+ 2CO(gy’  (4)
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UC Oxidation in UHV: XPS of O and U
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Sputter-cleaned UC crystal
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X-ray diffraction of UC single crystal
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Figure 1: XRD diffraction pattern for sample (a)

By scanning ¥ and ¢, a two dimensional map of the (200) peak is
acquired that indicates that

[100] planes are parallel to the sample’s surface
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Ellipsometric spectroscopy measures
the complex reflection coefficient 0 as f( photon energy).

E P-plane 1. Known input R
P

polarization 3. Measure output iA
polarization p — — tall(l//) e
p-plane E R S’

R, R, are the complex Fresnel
reflection coefficients

s-plane

plane of incidence

7

2. Reflect off sample ...

= Ellipsometry: measures A and ( Exp. Data
¥ with 1mm & beam as a function Mcasure@‘/ o
of photon energy at several ‘ Dt

angles of incidence /

\

/

.
= Constants (n,k,s,,c,): are ~ ! Gen, Data
derived by figtinga |2;al —>|_ Model > |;k S |\
materials ' models (Cauchy o )
Urbach, Oscillator ..model) - 4
. " : ompare
= Quality of fit is determined b e .
caleulating the mean square 3rror Fit > Ll
(MSE) value. ’ \_Fit Parameters /
L (A@d Sl . [rhies
MSE = ’ = Results =
\/ZN -M Z Gle;;l) GA,? :‘J#‘F::.?; &g

M = Number of fit parameter FEPRCMR—



Ellipsometry Work Outline

Remove by sputtering
before measuring UC.
Grows as a function of air

than the depth of
penetration of 1-> 4 eV
= Measure AW of a UO, crystal light

M exposure time
lz \ Several mm thick. Thicker

 Create optical model of UO, and a file of n,k (or €4, €,)

= Measure UC's A and W after sputter-removing UQO,
- Create optical model of UC and a file of n,k (or €, €,)

= Measure A and W changes as UO, grows on UC
« Determine the thickness of UO, that minimizes MSE
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<111> UO,: A ,¥ & optical mode

e

eneral Oscillator Layer

Hame: [genosc

I Comment: IGeneraIized Oscillator Layer

Siekhaus,Crowhurst OP Conf. Series:
Mat. Sci. and Eng.9 (2010) 012055
doi:10.

1088/1757-899X/9/1/012055

=1z a
Window Global
rerimental Data:uo2 horiz wtheoldiaphril

— . BN o — | rep't.U02gaveCrazyData0B0809
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Sputtered UC: AW, & optlcal model

& Experimental Data:uc bottom xtal fullspe... | = = =32
UC freshly sputtered -
General Oscillator Layer Selected Type nm Angle Data
# E: 300 6500 25218+0.50 108.93+1.32
Name: Iucfresmy sputtered_genosc Comment: IUC freshly sputtered. Lorentz oscillator fit 300-1000 nm #E- 303.03 6500 25 107+0.84 109 66+2 26
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UC’s optical constants ¢,

UC sputtered in UHV, ~ 7 min air exposure

£, & n, k.
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Ellipsometry of UO, growth on UC

Ellipsometry Material files

Thickness grows

| ' ' rowin ,changes as a function o
(o oo .51 oxposurs tme

air

(O STIEER R Vo conovion o aand v SpEERIEEEg
material model

= Measure A and W as UO2 grows on UC
- "Fit” the thickness of UO, that minimizes UO, MJE

& Fit

Final e
MSE A 05867 <77
ThickQ) 0.514 £ 0.0247
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A and \P change due to 1 week air exposure
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Oxide growth (~Vtime) on UC in air & fit quality

8 y = m1+m2”*sqrt(m0) ¢ 2
e Value Error
< m1 0.12984|  0.10805 .
g ® m2 | 0.00665480.00019283 s
& [+ [ cnisq 1.4162 NA / °
» "
e R[ 0.99089 NA L. // 15
‘8’_ /;1/ —e—UO02 <111> thickness, spot 1, nm
i 5 [j - UO2 <111> thickness, spot 2, nm
™ ; -0— UO2 <111> thickness, spot 3, nm
s (]
&4 L - 1
. ; LJ
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W 1
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= The “Fit quality”
. = 1/MSE
= decreases with
§ increasing UO2
= thickness
0 « >>The
= “oxide” is
m NOT pure
8 UoO,
=
2
S
N
5
=1
W

| N 1{J,m°d _qjlexp ’ A@od _ Agxp ?

2N - M n=1 U‘elf,[l) UZ?
M = Number of fit parameter
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Model Fit and experimental A and W
at Final Spot1 (~7 nm UQO,)

UO20nUC x,Fr11:10->11:31Genrtd&Exprmnt<111>UO2F it

= Good fitto A

32— . — Model Fit , —— 140 below 3.5 eV
| | L---Exp J-E 65° |
r —— Exp W-E70° -
30 - - Eigqi-Ew e 120 = Bad fitto W
_ — Model Fit _ - - | Particularly the
% ==+ Exp A-E 65 ‘upward
§ ' 1100 > movement of W
a _____ g_ at 75° is
9 26 . N ) completely
c 180 ?5 missing
> 24 ? = >>The “oxide”
22' 160 is NOT
pure UO,
20 1 I 1 I 1 I 1 I 1 I 1 I 1 40
1.0 1.5 2.0 2.5 3.0 35 40 4.5
Photon Energy (eV)
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XPS: A graphitic carbon peak grows
in/on the oxide of UC
as it oxidizes in UHV

Graphite

_ Cis
Carbide

53
0 538536 °3

(hr) 286 284 2
Binding Energy (eV) 0 290 288

Binding Energy (eV)

384 7 |
252 380 375 i

- 36370  Time
Binding Energy (eV) (hr)
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1) The optical properties of uranium carbide
2) its rate of oxidation in air
determined by spectroscopic ellipsometry.

= 1)The optical constants (¢, €,) and (n, k) of a
sputter-cleaned surface oflsingle crystal UC have
been determined by spectroscopic ellipsometry.

= 2) Changes in A and ¥ during exposure to air of UC
were measured as a function time.

= 2) A growth curve (~ Vtime) of oxide on UC was
developed using an optical materials file of UO, to
fit those changes in A and W.

« The quality of fit decreased with increasing oxide thickness,
indicating that the oxide is most likely NOT pure UO,

« The ‘fate’ of carbon during oxidation is a possible reason.
— XPS sees only the surface.

— SIMS depth profiling will determine C distribution throughout the
layer

]
Woollam company helped to develop
Lawrence Livermore National Laboratory oscillator models for U02 and UC. LLNL-PRES-xxexzuL-
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